A technique that can reliably monitor exercise intensity plays an important role for the effectiveness and safety of an exercise prescription. A universal algorithm for recursive estimation of exercise rate during a variety of aerobic exercises using measurements from a body-mounted triaxial accelerometer (TA) is proposed. Information about the type of exercise is not required by the algorithm and the TA can be mounted at the same location regardless of the exercise type. The algorithm involves period detection and data fusion. Experimental results demonstrate that the algorithm is effective for common aerobic exercises.
cises. Such a rate can provide a simple measure of exercise intensity that is an important parameter in exercise prescriptions [1] .
The purpose of this letter is to propose a universal, simple, recursive algorithm for estimating exercise rate in a variety of exercises using a wireless body-mounted TA. The algorithm is universal in the sense that it is capable of estimating exercise rate regardless of the type of exercise. Such a universal capability is of importance for the safety of cardiac patients during rehabilitation exercise, as the guidelines [1] encourage the patients to engage in multiple activities to promote total physical conditioning. To be universal, the term exercise rate (ER) characterizes the fundamental frequency of the locomotion of an exercise. The term describes including, the stride rate in walking or running, pedal cadence in cycling, and stroke rate in rowing. The simple and recursive nature of the proposed algorithm is particularly useful in real-time applications, such as in cardiac pacing [2] , and in regulation of heart rate during an exercise [3] as ER can be treated as a control variable in manipulating the exercise intensity. The algorithm has a wide range of potential applications; it can be used for exercise monitoring in athletics training and in rehabilitation program for the cardiac patients, and it can also be used for monitoring activities of the elderly [4] and the obese [5] .
A novel feature of the proposed algorithm is that no prior information about the type of exercise and the location of the TA is required by the algorithm; the algorithm involves the same signal processing procedures. The TA can always be worn at the same location irrespective of exercise type. For instances, the algorithms proposed in [4] , [6] were designed specifically for observing walking parameters and they can only track the stride rate. For various types of activities, techniques calculating the acceleration counts or the integral of acceleration signals were introduced in, e.g., [5] , [7] , for the purpose of predicting energy expenditure. However, these techniques cannot be used for estimating ER, namely the frequency of locomotion. Another novelty of the proposed algorithm is that it fuses all the measurements of a TA, giving a more robust and reliable ER estimate from some degree of redundancy of measurements.
ER Estimation Algorithm:
A method for detecting fundamental frequency of a signal is to use the average magnitude difference function (AMDF), see e.g. [8] . The AMDF of a discrete signal Then by using q, we defined :=d/q and an estimate of the period of the signal x t is given by τ =d × T s , where T s is the sampling period. To further improve the reliability of the estimate, a causal median-filter with window length L is employed for removing spikes in the period estimates, since the above search may not completely remove the sub-harmonic errors. The procedure detects the fundamental period for each of the three acceleration measurements at time instant t. The TA acceleration measurements are in fact the projections of the total body acceleration vector a t on the x, y and z axes. Hence, we propose to obtain an extra period estimate by considering the acceleration vector a t and the AMDF defined as follows:
The above procedure gives
T as the four fundamental period estimates at time instant t. Since each period estimate contains some information about the ER, we propose to estimate the ER (T (t)), in terms of period, through the use of data fusion. Another advantage of using data fusion is that reliability is improved due to some degree of redundancy of the measurements. To perform data fusion, we consider the fu- 
The filter is initialized byT (0) = T 0 and p
. The covariance of {w(k)} is assumed to be constant, namely σ w (k) = σ w , and the matrix R(k) is time-varying and defined as follows:
The idea behind this choice of R(k) is that when y i (k) is very different from the medianȳ(k), indicating that this particular measurement y i (k) may not be reliable, then r i (k) will be a significantly large value to reflect this uncertainty. As a result, the measurement y i (k) will only have a small contribution to the filter equation.
The above proposed R(k) allows us to disregard any measurement y i (k) that is far way fromȳ(k). However, it is based on the assumption thatȳ(k) is reliable. Ifȳ(k) is unreliable, we may wrongly think a measurement that is close toȳ(k)
reflects the actual value of T (k). To avoid this, we propose to compare the currentȳ(k) with its previous values, and we results from all the subjects were analyzed using the limits of agreement analysis method [9] . Table I shows 
